Three new Zr-Cu-Ni-Al bulk metallic glasses were developed through appropriate mixing of three binary eutectics 
Introduction
Zr-based bulk metallic glasses (BMGs) exhibit many fantastic properties, which are considered as potential structural materials [1] [2] [3] . Although some large dimension Zr-based bulk metallic alloys can be obtained as far, such as Zr-Ti-Ni-Cu-Be [4] , Zr-Cu-Ni-Al [5, 6] , Zr-Ti-Cu-Ni-Al [7] , Zr-(Ag, Cu)-Al [8] , and so on. However, these high GFA Zr-based metallic glasses more or less contain some toxic element (e.g., Be) or noble metals (e.g., Ag, Pd, and Pt). They are still cannot fulfill the requests from commercial applications. The ZrCu-Ni-Al system is a promising candidate for applications due to its nontoxicity and lost cost. Hence, developing the new Zr-Cu-Ni-Al glass compositions with high glass forming ability (GFA) is important for the engineering application. At present, various rules have been proposed to design potential glass forming compositions, such as three empirical, but insufficiency and imperfectness still exist [9] [10] [11] . Therefore, seeking an efficient guideline to direct this work is still of great challenge.
The investigations by Shen et al. [12] and Lu et al. [13] ever suggested that multicomponent glass forming compositions could be approximately synthesized by the compositions of binary eutectics between the constituent elements through appropriate ratios. Usually, there are two features with these binary eutectics: (1) eutectic temperature is relatively low; (2) the products of the eutectic reactions are linear compounds.
This new method was called appropriate mixing of binary eutectics. As far as now, several Zr-based [12] , Ni-based [14] , and Cu-based [15] bulk metallic glasses have been successfully developed based on this new approach, which thoroughly demonstrated its usefulness for searching new BMG compositions with high GFA.
In this paper, three new amorphous alloys of the Zr-CuNi-Al glass forming system were designed, through appropriate mixing of binary eutectic units Zr 38.2 Cu 61.8 , Zr 51 Al 49 , and Zr 64 Ni 36 . In terms of suppressing the competing crystalline phases in the amorphous matrix which precipitated during melt cooling [16] , ratios of these binary eutectic units were adjusted. Therefore, on the condition of without increasing the component but only changing the ratios among these components, three new Zr-Cu-Ni-Al alloys with high GFA were obtained. One of the three new alloys with a critical diameter of 10 mm was achieved by only a few times of experiments. Furthermore, GFA of all the three Zr-based amorphous alloys is discussed and investigated through phase selection. to ensure the homogeneous composition, master alloys were remelted 4 times, and then they were sucked into the copper mold to form amorphous rod samples in different diameters. The structure of the as-cast samples was characterized by X-ray diffraction (XRD) with Cu K radiation (D/MAX-RB diffractometer). Then scanning electron microscopy (SEM) investigations were performed on the Hitachi S-4700. Thermal analysis was carried out by differential scanning calorimetry (Perkin-Elmer DSC7) and differential thermal analysis (Perkin-Elmer DTA7), both at a heating rate of 0.33 K/s.
Results and Discussion

Formation and Optimization of New Zr-Cu-Ni-Al Glass
Alloys. Numerous experimental lines of evidence demonstrated that in Zr-Cu-Ni-Al amorphous alloy system, the primary crystalline phases are mainly Zr-Cu, Zr-Ni, and Zr-Al intermetallic compounds, which are always treated as competing phases with respect to glass phase in this alloy system during cooling melt. Once the driving forces for precipitations of all competing crystalline phases are equivalent, constraints among one another to prevent precipitating might increase, which then leads to a high glass forming ability. Therefore, based on the mixing of binary deep eutectics of Zr 38.2 Cu 61.8 , Zr 64 Ni 36 , and Zr 51 Al 49 , we choose them as the basic units to design new alloys, which are listed as follows:
where is multicomponent alloy composition; , , and are the coefficients for the three basic binary eutectic units, respectively, and their sum is the unity. By varying the coefficients of , , and , the atomic ratios of the alloy components can be changed and then different compositions of Zr-Cu-Ni-Al system can be obtained.
Initially, we assigned the coefficients as = 1/3, = 1/3, and = 1/3 in (1) straightforwardly and then the composition of Zr 51 Cu 20.7 Ni 12 Al 16.3 (abbreviated as 1Zr51) with a max of 3 mm was followed. The diffuse peak of XRD pattern in Figure 1 matrix. Furthermore, Al is enriched in the primary crystalline phases by SEM-BSE and EDS (as shown in Figure 1(c) ) results. Therefore, it can be implied that the precipitation of enriched Al phases is the main obstacle to further enhance GFA of this alloy 1Zr51 (i.e., content of aluminum element is relatively excessive, compared to other elements).
As a result, in order to improve the GFA of this alloy system without increasing the component species, we tried to decrease the coefficients for Zr 51 Al 49 eutectic units in (1) to depress the precipitation of enriched Al phases. Thus, on the base of the initial alloy 1Zr51, the coefficient for Zr 51 Figure 2(a) . It can be clearly seen that the 8-mm 2Zr51 is essentially amorphous, evidenced by the unique broad diffuse halo in this XRD. This means GFA of this alloy system has been improved through turning the coefficients of , , and . However, when we increased the size of the 2Zr51 rod sample to a diameter of 10 mm, as the XRD pattern in Figure 2 From the above discussion, to suppress precipitation of enriched Al phases and get better glass former, we can decrease the coefficient of in (1) to = 3.5/16, while and increase to = = 6.25/16. As a result, it followed another composition of Zr 51 Cu 24.22 Ni 14.06 Al 10.72 (abbreviated as 3Zr51), and we finally obtained an amorphous rod sample of 10 mm in diameter. The XRD pattern in Figure 3(a) shows only a single diffuse halo that displays a homogeneous matrix without any crystalline phases. Further, SEM-BSE image in Figure 3 (b) indicates that there are no crystalline phases. All of these demonstrated that the 3Zr51 rod sample with the diameter of 10 mm is in full amorphous state. However, when increasing the size of the 3Zr51 alloy to 12 mm in diameter, some crystalline phases precipitate. The sharp peaks in XRD pattern are shown in Figure 3(a) . It is noted that potential alloy compositions with even better GFA could be difficultly found by adjustment of coefficients further in (1) .
The alloy compositions, abbreviations, adjustment of mixing constants, and critical sizes max are summarized in Table 1 . For further comparisons, some other previously reported Zr-based amorphous alloys with high GFA were also fabricated under the same experimental condition in our lab. Table 2 lists their critical sizes ( max ) in our lab. The XRD patterns are shown in Figure 4 . It indicates that among the Zr-Cu-Ni-Al quaternary alloy systems, 3Zr51 owns the largest size. It is believed that a further improvement of the prepared methods causes the formation of 3Zr51 bulk amorphous alloy with a larger diameter.
Thermal Analysis of New Zr-Cu-Ni-Al Glass
Alloys. DSC and DTA curves for the amorphous alloys of the three different Zr-Cu-Ni-Al alloys are shown in Figure 5 . Corresponding thermal parameters are listed in Table 1 , including the glass transition temperature , onset crystallization temperature , melting temperature , and reduced glass transition temperature = / . As can be seen in Figure 5 (a), the three alloys show a distinct glass transition, a significant supercooled liquid region, and a clear endothermic event, illustrating characteristics of BMGs. So as far as now, the reduced glass transition temperature and the critical size max of the samples are the most powerful criteria to characterize the glass forming ability. Distinct correlation is found between GFA and the values of for our newly developed alloys. Among the three new alloys, the best glass forming alloy 3Zr51 processes highest value of .
Glass Forming Ability of New Zr-Cu-Ni-Al Glass Alloys.
As we discussed formerly, eutectic compositions are the best candidates for glass formation. Another thing we should mention again is that in our mixing of binary eutectics method, the eutectic reaction products are both linear compounds. As Shen et al. [12] ever suggested if the chemical affinity between the eutectic atomic pairs can be balanced to a certain degree, the atomic rearrangement to form crystalline phases during melt cooling is rather difficult, which structurally supports improving glass forming ability.
That is why we preferred to choose Zr 38.2 Cu 61.8 , Zr 64 Ni 36 , and Zr 51 Al 49 as the three preliminary units. We also assumed that such a balance can be achieved by proportionally mixing the corresponding binary eutectic compositions. As a matter of fact, the physical meaning of this method is ambiguous, but lots of compositions obtained through our new method and reported in the literatures demonstrate that the efficiency of this method is astonishing. The compositions obtained through proportionally combining the binary eutectics are very close to those reported in the literatures [17] . However, it must be noted that the binary eutectics should be involved in reactions with compound products and the ratios between the eutectics should be varied according to experiments.
On the other hand, during cooling the alloy melt phase selection is inevitably avoided. Either crystalline phases or metallic glass will be obtained. However, as Ma et al. [18] pointed out if treating glass as another competing phase, glass formation could be interpreted as the complete suppression of crystal growth by glass phase. So once the crystalline phase's precipitation is depressed, GFA will be naturally improved.
Thus, according to the above concept, we designed the first composition Zr 51 Cu 20.7 Ni 12 Al 16.3 (1Zr51) by assigning = = = 1/3 as described in (1) . In fact, this assignment is straightforwardly obtained and we succeeded in obtaining a 3 mm as-cast rod sample. Its efficiency can be proved by experiments. However, some enriched Al crystalline phases appear in a larger sample of 5 mm and 8 mm in diameter. Lu et al. [19] ever suggested that in order to obtain the better glass forming composition, primary precipitation in the melt should be bypassed no matter what crystalline phases they are. One of the effective approaches is to suppress the precipitation of crystalline phases through phase competition. Here we just choose to vary the ratios of the three eutectic units rather than introduce another component. Consequently, the second composition Zr 51 Cu 23.2 5Ni 13.5 Al 12.25 (2Zr51) was obtained when = = 3/8, but = 2/8. And correspondingly we obtained a larger as-cast amorphous rod with a diameter of 8 mm. But a larger 10 mm rod sample with some enriched Al crystalline phases once reminded us that if we want to improve the GFA of this alloy system, adjusting the ratios must be tried another time. By varying the ratios of the three units to = = 6.25/16 while = 3.5/16, the third alloy Zr 51 Cu 24.22 Ni 14.06 Al 10.72 (3Zr51) finally followed which can be cast into an amorphous rod up to 10 mm in diameter. It is one of the best glass formers in the Zr-Cu-Ni-Al alloy system. Ma et al. [18] ever suggested a microstructure-based method to pinpoint the best glass forming composition. From lots of their work, pinpointing the composition was largely based on the microstructure evolution. Here the concept is the same. The difference is that their work largely relied on the phase diagram. But we depressed the precipitation of competing phases only through varying the ratios of the three eutectic units. On the other hand, during this variation, chemical affinities of the four components gradually got balanced. The alloy compositions with high GFA were obtained by varying three eutectic units coefficients , , and .
Furthermore, we analyzed the reason for the increase in GFA of 2Zr51 and 3Zr51 compared with 1Zr51. As can be seen from Table 1, decreases with the composition. High for 2Zr51 and 3Zr51 indicates that the alloy is close to deep eutectic and, therefore, exhibits better GFA. Especially, 3Zr51 has a rather low . The decrease in melting point indicates that the liquid phase is stabilized with respect to competing crystalline phases. Also knowing from physical metallurgy, we understand that viscosities of eutectic alloys are usually higher than other off-eutectics, which dynamically supported the best glass forming composition of them. As a result, 2Zr51
